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(54) Method and device for mixing light in a polarization dependent manner 



(57) This invention relates to optical devices that 
use the state of polarization (SOP) of the orthogonally 
polarized sub-beams of a composite optical signal to se- 
lect pathways through a set of birefringent components. 
The SOP of the sub-beams is changed to affect the re- 
sulting path through the birefringent components and in 
this manner the sub-beams can be separated, mixed 



with other sub-beams and or recombined with the orig- 
inal sub-beams to form new signals at different locations 
(ports) of the optical devices presented. The use of the 
basic system to built more complicated systems results 
in a closed four port optical circulator based on birefrin- 
gent crystals. The basic system is also used to construct 
an optical switch and an optical add/drop switch based 
on birefringent crystals. 
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Description 

[0001] The present invention relates to optical devic- 
es, and in particular to optical devices that use the state 
of polarization (SOP) of the sub-beams of a composite 
beam of light to determine the path taken by the light 
through a set of birefringent crystals. 

Bacltground of the invention 

[0002] Optical circulators and switches are used to 
control optical signals on communication fibers. Multiple 
signals are placed on a single f'ther in order to increase 
the amount of data that can be sent down such fibers. 
Polarization dependent optical circulators and switches 
have been taught in U.S. Patents Nos. 5,923,472 issued 
to Bergmann on July 13, 1999; 5,930,039 issued to Li 
etalonJuly27, 1999; and 5,204,771 issued to Kogaon 
April 20, 1993 (previously published in The Journal of 
Lightwave Technology, Vol. 10, pp. 1210-1216, 1992). 
Referring to Figure 1 , all such systems are based on the 
ability of a birefringent crystal (calcite, rutile, etc.) to 
cause a spatial displacement, with respect to the optical 
axis of the crystal, of the e (extraordinary) polarized sub- 
beam of light as it travels through the crystal. The o (or- 
dinary) polarized sub-beam of light travels through the 
crystal with no spatial displacement. The spatial dis- 
placement (walk-off) that an e sub-beam is subjected to 
depends upon the composition of the birefringent crys- 
tal, the crystallographic orientation of the birefringent 
crystal, and the size of the crystal available to the e sub- 
beam, i.e. the length. Further these systems are based 
on properties that are specific to the composition of the 
birefringent material used to make the crystal and the 
limitations the composition imposes, as well as the cho- 
sen optcal axes direction of walk-off for the e sub-beam. 
However, the devices disclosed in Li et al and Bergmann 
are relatively complcated and limited to 3-port circula- 
tors. While the Koga reference discloses a 4-port circu- 
lator, this device requires relatively large birefringent 
crystals, whch greatly increase the cost of the device. 
None of the prior art references discloses overlapping 
the paths of sub-beams of input composite beams, en- 
abling the sub-beams of one composite beam mix with 
the sub-beams of another composite beam. This partk:- 
ular arrangement enables much smaller devices to be 
constructed, whk:h has many advantages, not the least 
of whch is cost. 

Summary of the Invention 

[0003] An object of the present invention is to over- 
corric the aliuiii..uiriiiiyb of Itie prior an by providing a 
compact optical device for mixing the polarized sub- 
beams of input composite beams, whch can also be 
used in a variety of other optical devkies. 
[0004] Accordingly the present invention relates to a 
method of mixing two beams of light comprising the 



steps of: 

a) receiving a first composite beam, having a first 
polarization component and an orthogonal second 

5 polarization component, at a first location; 

b) separating the first and second polarization com- 
ponents of the first beam; 

c) rotating the first polarization or the orthogonal 
second polarization component of the composite 

'0 first beam to provide two first sub-beams having a 
same polarization; 

d) receiving a second composite beam, having a 
first polarization component and an orthogonal sec- 
ond polarization component, at a second location; 

15 e) separating the first and second polarization com- 
ponents of the second composite beam; 

f) rotating the first or the second polarization com- 
ponent of the second composite beam to provide 
two second sub-beams having a same polarization 

20 direction oriented orthogonally to the two first sub- 
beams; 

g) mixing one of the two first sub-beams with one 
of the two second sub-beanns to provide a first 
mixed sub-beam at a third location; and 

25 h) mixing the other of the two first sub-beams with 
the other of the two second sub-beams to provide 
a second mixed sub-beam at a fourth location. 

[0005] A further aspect of this invention is to a potar- 
30 ization dependent optical signal mixing device compris- 
ing; 

first input means for receiving a first composite 
beam having a first polarization component and an 
35 orthogonal second polarization component; 

first splitting means for separating the first and sec- 
ond polarization components of the first composite 
beam; 

first polarization rotating means for rotating the first 
40 or the second polarization component of the first 
composite beam to provide two first sub-beams 
having a same polarization; 

second input means for receiving a second com- 
posite beam having a first polarization component 
-*5 and an orthogonal second polarization component; 
second splitting means for separating the first and 
second polarization components of the second 
composite beam; 

second polarization rotating means for rotating the 
50 first or the second polarization component of the 
second composite beam to provide two second sub- 
beams having a same polarization, which is orthog- 
onal to the polarization of the first sub-beams; 
first mixing means for mixing one of the first sub- 
55 beams with one of the second sub-beams to pro- 
vide a first mixed beam at a third location; and 
second mixing means tor mixing the other of the first 
sub-beams with the other of the second sub-beams 
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to provide a second mixed beam at a fourth location. 

[0006] Another embodiment of this Invention relates 
to an optical circulator device comprising: 

a first port for inputting a first composite beam hav- 
ing a first polarization component and an orthogonal 
second polarization component, and for outputting 
a fourth composite beam having a first polarization 
component and an orthogonal second polarization 
component, input from a fourth port; 
a third port for inputting a third composite beam hav- 
ing a first polarization component and an orthogonal 
second polarization component, and for outputting 
a second composite beam having a first polarization 
component and an orthogonal second polarization 
component, input from a second port; 
first mixing means for mixing one of the components 
of the first composite beam with one of the compo- 
nents of the third composite beam forming a first 
mixed beam, for mixing the other of the components 
of the first composite beam with the other of the 
components of the third composite beam forming a 
third mixed beam, and for recombining the compo- 
nents of the second and fourth composite beams 
from second and fourth mixed beams for output at 
the third and first ports, respectively; 
non-reciprocal rotating means for making the com- 
ponents of the second and fourth mixed beams en- 
tering therein orthogonal to those passing there- 
through, while unaffecting the polarity of the com- 
ponents of the first and third mixed beams; and 
second mixing means for mixing one of the compo- 
nents of the second composite beam with one of 
the components of the fourth composite beam form- 
ing the second mixed beam, for mixing the other of 
the components of the second composite beam with 
the other of the components of the fourth composite 
beam fonning the fourth mixed beam, and for re- 
combining the components of the first and third 
composite beams from the first and third mixed 
beams for output at the second and fourth ports, re- 
spectively. 

[0007] Another aspect of the present Invention relates 
to an optical switch comprising: 

a first input port for receiving a first composite beam 
having a first polarization component and an or- 
thogonal second polarization component; 
second input port for receiving a second composite 
beam having a first polarization component and an 
orthogonal second polarization component; 
mixing means for mixing one of the components of 
the first composite beam with one of the compo- 
nents of the second composite beam forming a first 
mixed beam, and for mixing the other of the com- 
ponents of the first composite beam with the other 



of the components of the second composite beam 
forming a second mixed beam; 
adjustable rotating means either for rotating all of 
the components by a first angle or for rotating all of 
5 the components by a second angle, which is 90* 

from said first angle; and 

recombining means for recombining the first and 
second components of the first composite beam at 
a first output port and the first and second compo- 

10 nents of the second composite beam at a second 
output port when the adjustable rotating means ro- 
tates the components by the first angle, or for re- 
combining the first and second components of the 
first composite beam at the second port and the first 

'5 and second components of the second composite 
beam at the first port when the adjustable rotating 
means rotates the components by the second an- 
gle. 



[0008] The invention will be described in greater detail 
with reference to the accompanying drawings, which Il- 
lustrate a preferred embodiment of the invention, where- 
25 in: 

Fig. 1 is a schematic representation of the paths 
traveled by o and e polarized sub-beams in a typical 
polarization beam splitter; 

30 

Fig. 2 Is a schematic representation of the device 
of the present invention that uses the State of Po- 
larization (SOP) of the sub-beams of two Input op- 
tical signals to separate and mix the sub-beams to 
35 form two new output signals; 

Fig. 3 a schematic representation of a second em- 
bodiment of the device of Fig. 2; 

-to Fig. 4 is a schematic representation of a third em- 
tx>diment of the device of Fig. 2; 

Fig. 5 is an isometric view of a fourth embodiment 
of the device of Fig. 2; 

45 

Fig. 6 is schematic representation of a four port op- 
tical circulator according to the present invention 
using the device of Fig. 2; 

50 Fig. 7 is a schematic representation of a second em- 
bodiment of the four port optical circulator according 
to the present invention using the device of Fig. 3; 

Fig. 8 is a schematic representation showing the op- 
55 tical paths of the o and e sub-beams through the 
optical components presented in Figure 7 for input 
at ports 1 and 3; 



20 Brief Description of the Drawings 
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Fig. 9 is aschematic representation showing ttie op- 
tical paths of the o and e sub-beams through the 
optical components presented in Figure 7 for input 
at ports 2 and 4; 

Fig. 1 0 is a schematic representation of a three port 
optical circulator according to the present Invention 
using the device of Fig. 3; 

Fig. 11 is a schematic representation of a switch ac- 
cording to the present invention; and 

Fig. 1 2 is a schematic representation of an add/drop 
switch according to the present invention. 

Detailed Description of the Drawings 

[0009] Figure 1 is a schematic diagram of a birefrin- 
gent optical device (e.g. a rutile or a calcite crystal) that 
is used to split an input beam of light into two orthogo- 
nally polarized sub-beams, labeled o for ordinary and e 
for extraordinary. In a birefringent material, with a slow 
and a fast axis, the ordinary polarized beam will travel 
straight through while the extraordinary sub-beam will 
be displaced spatially (walked-off) depending upon the 
crystallographic axis orientation. 
[0010] With reference to Figure 2, an optical signal SI 
is launched into a birefringent component 1 through a 
top port 2 and is divided into o 3 and e 4 sub-beams. 
The sub-beams 3 and 4 are spatially displaced from 
each other by an amount and a direction dependent up- 
on the composition and orientation of the birefringent 
component 1 . The two sub-beams 3 and 4 exit the bire- 
fringent component 1 and sub-beam 3 passes through 
polarization rotator 5, typically a Vi waveplate, which 
changes the polarization of the sub-beam 3 so that sub- 
beam 3 and 4 have the same polarization. Since sub- 
beam 4 has been displaced, it does not pass through 
the polarization rotator 5 and therefore maintains its 
original polarization. The two sub-beams 3 and 4 (now 
both e sub-beams) then pass through birefringent com- 
ponent 6, which displaces both, directing them to output 
ports 7 and 8, respectively. 

[0011] Similarly, optical signal 82 is launched into bi- 
refringent component 1 through a port 9 and is split into 
0 sub-beam 11 and e sub-beam 12. Note that the input 
ports 2 and 9 for the optical signals 81 and S2 are se- 
lected such that the optical paths do not overiap in the 
space between optical components 5 and 13. Sub- 
beam 11 passes through birefringent component 1 , but 
does not pass through polarization rotator 13, which has 
the exact optical characteristics of polarization rotator 
5 S'jb-bcarr; 12 ic diopluccd from tnu uriyincil pairi and 
passes through polarization rotator 13. Now both of the 
sub-beams 11 and 12 are identically polarized. Accord- 
ingly, due to the crystallographic orientation of the bire- 
fringent component 6, sub-beams 11 and 12 (now both 
o sub-beams) pass straight through birefringent compo- 



nent 6 and exit through output ports 7 and 8, respective- 
ly. In this arrangement sub-beams 3 and 11 are com- 
bined at output port 7, and sub-beams 4 and 1 2 are com- 
bined at output port 8. In this arrangement, assuming 

5 that both of the birefringent components 1 and 6 have 
the same characteristics, birefringent component 6 
must be longer than birefringent component 1 to ensure 
that the walk off of sub-beams 3 and 4 is sufficient to 
meet sub-beams 11 and 12. 

'0 [0012] Figure 3 illustrates a further embodiment of the 
present invention, in which two birefringent components 

I and 6 have the same length. Accordingly, the paths 
for sub-beams 4 and 1 1 become overiapped. Otherwise 
the optical functions are the same as in Figure 2 except 

'5 for a glass support piece 1 6 which is included to support 
the polarization rotators 5 and 13. 
[0013] Figure 4 illustrates another embodiment of the 
present invention in which the optical path of sub-beam 

I I does not overlap the optical path of sub-beam 4. The 
difference in approaches lies in the fact that the optical 
axis of the second birefringent component 6 is inverted 
relative to the optical axis of the first birefringent com- 
ponent, and accordingly only one waveplate is neces- 
sary. Thus the walk-off direction (up) of the second bi- 
refringent component is opposite to the walk-off direc- 
tion (down) of the first birefringent component. 
[0014] Referring to Figure 4, the optical signal SI has 
optical sub-beams 3 and 4. Sub-beam 3 passes straight 
through optkial component 1 , bypassing polarization ro- 
tator 17, and passes straight through birefringent com- 
ponent 6 to output 1 8. Sub-beam 4 is displaced by bire- 
fringent component 1 and passes through birefringent 
component 17 thereby changing its polarization ena- 
bling it to pass straight through birefringent component 
6 to output port 1 9. The optical signal S2 has optical sub- 
beams 11 and 12. Sub-beam 11 passes straight through 
birefringent component 1 and into polarization rotator 
17, which rotates the polarization of sub-beam 11 t>y 
90^1 Accordingly the sub-beam 11 is displaced in bire- 
fringent component 6 and is directed to output 18. Since 
the birefringent component 6 has been inverted relative 
to the birefringent component 1 e-polarized sub-beams 
are displaced upwardly instead of downwardly. Sub- 
beam 12 is displaced in birefringent component 1, its 
optical path bypasses polarization rotator 17. Accord- 
ingly sub-beam 12 is again displaced by birefringent 
component 6, whereby it exits birefringent component 
6 at output port 19. Therefore the output signals are 01 
^ sub-beam 3 + sub-beam 11 and 02 = sub-beam 4 + 
sub-beam 12. 

[0015] In another embodiment illustrated in Figure 5, 
the two birefringent components have optical axes that 
are perpendicular to each other, i.e. the walk-off direc- 
tion (down) of the first birefringent component 1 is per- 
pendicu lar to the walk-off direction (right side) of the sec- 
ond birefringent component 6. As a result, the position 
of the polarizatk)n rotators 5 and 13 must be adjusted, 
whereby they are vertically and laterally offset, and the 
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position of the output ports are adjusted, whereby they 
are superposed instead of adjacent. 
[0016] Referring to Figure 5, SI has two sub-beams 3 
and 4. Suts-beam 3 (o sub-beam) travels straight 
through birefringent component 1, and through polari- 
zation rotator 5, which change the polarization thereof. 
Since the polarization of sub-beam 3 has changed (e 
sub-beam), it gets displaced by birefringent component 
6 due to the crystallographic orientation thereof. How- 
ever, since the optical axis of birefringent component 6 
has been rotated by 90°, sub-beam 3 is displaced to the 
right, not vertically, and exits output port 21 . Sub-beam 
4 is vertically displaced downwardly by birefringent com- 
ponent 1 , thereby bypassing polarization rotators 5 and 
13. Accordingly, sub-beam 4 is laterally displaced by bi- 
refringent component 6 and exits output port 22. 
[0017] Signal S2 has two sub-beams 1 1 and 12. Sub- 
beam 1 1 travels straight through birefringent component 
1, missing optical component 13, and straight through 
birefringent component 6 exiting output port 21 , Sub- 
beam 12 is vertically displaced by birefringent compo- 
nent 1 and passes through polarization rotator 1 3, which 
results in a polarization change. Sub-beam 1 2 then trav- 
els straight through birefringent component 6 to output 
port 22. Accordingly output signals 01 = sub-beam 3 -i- 
sub-beam 11 while 02 = sub-beam 4 + sub-beam 12. 
[0018] Figure 6 illustrates an optical circulator utilizing 
two of the previously described devices aligned in series 
with a non-reciprocal 90° rotator, typically a Faraday 
non-reciprocal 45° rotator and a half waveplate, there- 
between. Each provides a 45^ shift so that when sub- 
beams are travelling in the forward direction (from left 
to right) this combination resutts in a cumulative change 
in the SOP. However, when the sub-beams are traveling 
in the reverse direction (from right to left) the result is no 
change in the SOP of the sub-beams, since the non- 
reciprocal Faraday rotator has a -45'^^shift and the wave- 
plate a 45" shift. 

[0019] Accordingly, when signals are launched into 
ports PI and P3 sub-beams 33 and 34 get mixed with 
sub-beams 41 and 42 forming a first mixed beam, con- 
taining sub-beams 33 and 41 , at output port 37, and a 
third mixed beam, containing sub-beams 34 and 42, at 
output port 38. The cumulative effect of passing through 
the waveplate and the Faraday non-reciprocal rotator, 
in the forward direction, is that the components of the 
mixed beams are rotated by 90' '. Thereafter sub-beams 
33 and 34 end up recombining at port P2, and sub- 
beams 41 and 42 end up recombining at port P4. 
[0020] When optical signals are fed into ports P2 and 
P4, of Figure 6, we can use the same reference numer- 
als 33, 34, 41 and 42 to identify the sub-beams travelling 
thi'O'jgh birefringent ccmponcTits 01 anu 5G. 
[0021] However, since there is zero cumulative effect 
on the sub-beams after passing through the Faraday 
non-reciprocal rotator 25 and Vi waveplate 26 in the re- 
verse direction, we must renumber the sub-beams when 
travelling through birefringent components 31 and 36. 



Therefore sub-beam reference numerals for the reverse 
direction are shown in brackets. 
[0022] Due to the zero cumulative effect of elements 
25 and 26, sub-beams (33), (34), (41) and (42) travel 
5 different paths in the reverse direction than they did in 
the forward direction. As a result sub-beam (33) and (34) 
recombine at port P3 and sub-beams (41) and (42) re- 
combine at port PI . 

[0023] To summarize the embodiment presented in 
'0 Figure 6, an optical signal placed on the input of port 1 
passes through the optical system to port 2. An optical 
signal that is placed on port 2 as input passes through 
the optical system to port 3. An optical signal that is 
placed on port 3 as input passes through the optical sys- 
'5 tem to port 4. An optical signal that is placed on port 4 
as input passes through the optical system to port 1 . 
Therefore, this system is a closed 4 port optical circula- 
tor. 

[0024] Figures 7 to 9 b) are schematic representa- 
20 tions of an in-line 4 port optical circulator using two of 
the basic structures defined in Fig. 3, positioned back- 
to-back with two M pilch lenses 87 and 88, a Faraday 
non-reciprocal rotator 89 and a !4 waveplate 90, posi- 
tioned therebetween. This particular lens arrangement 
25 resutts in a V& pitch lens system that enables the paths 
of the sub-beams to cross. The lenses, combined with 
the inverting of the optcal elements on the right side of 
the optical system with respect to the elements on the 
left side of the optical system, results in a compact, 
30 closed, in-line, four port optKal circulator. The optical 
component layout on the right side has the same optical 
effect as going from right to left in the optical component 
layout on the left side. Thus an e sub-beam is displaced 
down the page by optical components 71 and 76 and up 
35 the page by optical components 91 and 96. In other 
words, the walk-off direction of components 91 and 96 
is opposite to the walk-off direction of components 71 
and 76. 

[0025] The specifrc paths taken by each sub-beam 
*o will be discussed in greater detail with reference to Fig 
8a, 8b, 9a, and 9b. 

[0026] Figures 8 and 9 are a more detailed schematk; 
of the sub-beam paths for the optical system presented 
in Figure 7. Figures 8 a) and 8 b) show the sub-beam 
''5 paths for input signals at ports 1 and 3, respectively 
while Figures 9 a) and 9 b) show the sub-beam paths 
for inputs at ports 2 and 4, respectively. Figures 8 a) and 
8 b) illustrate the sub-beams travelling left to right, in the 
optical system, and Figures 9 a) and 9 b) illustrate the 
50 sub-beams travelling right to left, in the optical system. 
Faraday non-reciprocal rotator 89 and waveplate 90 
cause no change in SOP for sub beams travelling from 
leri to right. However, there is a change in the SOP for 
sub-beams travelling from right to left in the optical sys- 
55 tem. 

[0027] With reference to Figure 8 a), a signal SI is in- 
put to port PI and splits into sub-beams 73 and 74. Sub- 
beam 73 travels straight through birefringent compo- 
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nent 71 and impinges on polarization rotator 75, which 
changes the polarization thereof. Subsequently sub- 
beam 73 passes straight through the glass support ele- 
ment 86 but is displaced by birefringent component 76. 
The sub-beam 73 is inverted by the lenses 87 and 88, 
however the optical elements 89 and 90 cause no SOP 
change therein. Sub-beam 73 is displaced by birefrin- 
gent element 91 , passes through glass element 106, by- 
passes polarization rotators 95 and 1 03, is displaced by 
birefringent component 96 and exits the system at out- 
put port P2. 

[0028] Sub-beam 74 is displaced by birefringent ele- 
ment 71, bypasses polarization rotators 75 and 83, 
passes through glass element 86, and is displaced by 
birefringent element 76. Sub-beam 74 is inverted by op- 
tical lens 87 and 88 but optical element 89 and 90 cause 
no SOP change therein. Accordingly, sub-beam 74 is 
displaced by birefringent element 91 , passes through 
glass element 106, and passes through polarization ro- 
tator 95, which causes a SOP change therein. Accord- 
ingly, sub-beam 74 passes straight through birefringent 
element 96 and exits output port P2 along with sub- 
beam 73. 

[0029] In Figure 8 b), a signal S3 is launched through 
port P3 and divided into sub-beams 81 and 82. Sub- 
beam 81 travels straight through birefringent compo- 
nent 71 and straight through glass element 86, bypass- 
ing polarization rotators 75 and 83. Sub-beam 81 then 
travels straight through birefringent component 76 and 
is inverted by optical lens 87 and 88. As before, optical 
elements 89 and 90 cause no change in SOP in the for- 
ward direction. Sub-beam 81 travels straight through bi- 
refringent component 91 and glass element 106, im- 
pinging upon polarization rotator 103, which causes a 
SOP therein. Accordingly, sub-beam 81 is displaced by 
birefringent element 96 and exits output port P4. 
[0030] Sub-t)eam 82 is displaced by birefringent ele- 
ment 71 and impinges on polarization rotator 83, which 
causes a SOP change therein. Accordingly, sub-beam 
82 passes through glass element 86 and straight 
through birefringent component 76. Subsequently sub- 
beam 82 is inverted by optical lens 87 and 88 with no 
change in SOP by optical elements 89 and 90. There- 
fore, sub-beam 82 then travels straight through birefrin- 
gent component 91 and glass element 106, bypassing 
polarization rotators 95 and 103. Sub-beam 82 then 
travels straight through birefringent component 96 and 
exits output port P4, along with sub-beam 81 . 
[0031] With reference to Figure 9 a), a signal S2 is 
launched through port P2 and is divided into sub-beams 
1 1 3 and 1 1 4. The sub beam 1 1 3 travels straight through 
the birefringent component 96 and impinges on the po- 
lorizaticr; rotator SG, cauainy a 30F i;iiange ihercin. Ac- 
cordingly, sub-beam 113 passes through glass element 
1 06 and then is displaced by birefringent component 91 . 
Subsequently, sub-beam 113 is inverted by optical lens- 
es 88 and 87 and undergoes a change in SOP via optical 
elements 90 and 89. Therefore, sub-beam 113 travels 



straight through birefringent component 76, glass ele- 
ment 86, and polarization rotator 83, which causes a 
SOP change therein. Accordingly, sub-beam 113 is dis- 
placed by birefringent component 71 and exits output 
5 port P3. 

[0032] The sub-beam 114 is displaced by the birefrin- 
gent component 96, bypasses the polarization rotators 
95 and 103, and travels through glass element 106. 
Sub-beam 1 1 4 is then displaced by birefringent element 

10 91 , inverted by optical lens 87 and 88, and undergoes 
a change in SOP due to optical elements 89 and 90. 
Therefore, sub-beam 114 travels straight through bire- 
fringent component 76 and glass element 86, bypassing 
polarization rotators 75 and 83, and then travels straight 

'5 th rough birefringent component 71 , exiting at output port 
P3, along with sub-beam 113. 

[0033] With reference to Figure 9 b), a signal S4 is 
launched on port P4 and is divided into sub-beams 1 21 
and 122. The sub-beam 121 travels straight through the 

20 birefringent component 96 and the glass element 106, 
bypassing the polarization rotators 95 and 103. Then 
sub-beam 1 21 travels straight through birefringent com- 
ponent 91 , and is inverted by optical lens 87 and 88. A 
change in the SOP occurs due to optical components 

25 89 and 90. Accordingly, sub-beam 121 is displaced by 
birefringent component 76 and travels straight through 
glass element 86, bypassing polarization rotators 83 
and 75. Subsequently, sub-beam 121 is displaced by 
birefringent component 71 , and exits at output port PI . 

30 [0034] The sub-beam 122 is displaced by the birefrin- 
gent component 96 and impinges on the polarization ro- 
tator 103, which changes the SOP thereof. Accordingly, 
sub-beam 122 travels through glass component 106 
and straight through birefringent component 91 . Sub- 

35 beam 122 is inverted by optical lens 87 and 88 and un- 
dergoes a change in SOP due to optical components 89 
and 90. Therefore, sub-beam 1 22 is displaced by bire- 
fringent component 76, travels through glass compo- 
nent 86, and impinges on polarization rotator 75, which 

40 changes the SOP thereof. As a result, sub-beam 122 
travels straight through birefringent component 71 and 
exits output port PI , along with sub-beam 121 . 
[0035] To summarize the embodiment presented in 
Figures 7 to 9 b), an optical signal placed on the input 

''5 of port 1 passes through the optical system to port 2, An 
optical signal that is placed on port 2 as input passes 
through the optical system to port 3, An optical signal 
that is placed on port 3 as input passes through the op- 
tical system to port 4. An optical signal that is placed on 

50 port 4 as input passes through the optical system to port 
1. 

[0036] Figure 1 0 is a schematic representation of a 3 
port circulator using the devices of Fig. 3 in series with 
a single birefringent component 131 having the two 
55 lenses 87 and 88, the Faraday non-reciprocal rotator, 
and the 1^ waveplate 90, thereinpetwee n The optical ax- 
is of the birefringent component 131 is inverted relative 
to the optical axis of birefringent components 71 and 76, 
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i.e. the walk-off direction of the birefringent component 
131 is the opposite to ttie walk-off direction of birefrin- 
gent components 71 and 76. Therefore, an e sub-beam 
that travels down the page in birefringent components 
71 and 76 travels up the page in birefringent component 
131. 

[0037] With reference to Figure 1 0 a) , an optical signal 
SI is again launched on port PI and is divided into sub- 
beams 73 and 74. Sub-beam 73 travels straight through 
birefringent component 71 and impinges on polarization 
rotator 75, whch changes the SOP thereof. Accordingly, 
the sub-beam 73 travels through glass element 86 and 
gets displaced by birefringent component 76. Subse- 
quently sub-beam 73 is inverted by optical lens 87 and 
88. The SOP of the sub-beam 73 is unchanged by op- 
teal elements 89 and 90. Sub-beam 71 bypasses po- 
larization rotator 135, is then displaced by birefringent 
component 131 , and exits at output port P2. 
[0038] Sub-beam 74 is displaced by birefringent com- 
ponent 71 and travels through glass element 86, by- 
passing polarization rotators 75 and 83. Sub-beam 74 
is further displaced by birefringent component 76, and 
inverted by optical lens 87 and 88. The SOP is un- 
changed by optical elements 89 and 90. Sub-beam 74 
impinges on polarization rotator 135, whk:h changes the 
SOP thereof, and then travels straight through birefrin- 
gent component 131, exiting at output port P2, along 
with sub-beam 73. 

[0039] When an optical signal S2 is input at port P2 
sub-beams 1 41 and 1 42 are created in birefringent com- 
ponent 131 . Sub-beam 141 travels straight through bi- 
refringent component 131 and impinges on polarization 
rotator 1 35, which changes the SOP thereof. Sub-beam 
141 is then inverted by optical lens 87 and 88 and un- 
dergoes another SOP change in elements 89 and 90. 
Accordingly, sub-beam 141 travels straight through bi- 
refringent component 76 and through glass element 86, 
impinging on polarization rotator 83, whch causes a 
change in the SOP thereof. Therefore, sub-beam 141 is 
displaced by birefringent component 71 and exits output 
port P3. 

[0040] The sub-beam 1 42 is originally displaced by bi- 
refringent component 131, which enables it to bypass 
polarization rotator 135. Then the sub-beam 142 is in- 
verted by optical lens 87 and 88 and undergoes a 
change in the SOP due to optical elements 89 and 90. 
Accordingly, sub-beam 142 travels straight through bi- 
refringent component 76 and glass element 86, bypass- 
ing polarization rotators 75 and 83. Therefore, sub- 
beam 142 travels straight through birefringent compo- 
nent 71 and exits output port P3 with sub-beam 141 . 
[0041] The optical elements 89 and 90 can be re- 
placed by any component that oerforms the same func- 
tion such as a liquid crystal rotator. 
[0042] With reference to Figure 11, the polarization 
dependent mixing devices of the previous embodiments 
are used in a switching device, which includes birefrin- 
gent elements 201 , 202 and 203, polarization rotators 



(half waveplates) 204 and 205, a non-reciprocal rotator 

206 defined by a Faraday rotator with a waveplate, 
and an adjustable rotator 207. The adjustable rotator 

207 preferably comprises a liqukJ crystal cell with a re- 
5 tiective surface for reflecting incident sub-beams. The 

liquid crystal cell, whch is sensitive to different input 
voltages, variably adjusts the polarization of the sub- 
beams. In a first position the sub-beams pass through 
the liquid crystal cell resulting in a cumulative change in 

'0 the SOP of 90^1 . Alternatively, the liquid crystal cell can 
be an'anged whereby no cumulative change in the po- 
larization of the sub-beams results. Of course, it is also 
possible to have other arrangements including one, 
which rotates both sub-beams by different amounts. 

'5 [0043] When a signal S1 1, is launched into an input 
port P11 incident sub-beams 208 and 209 are created 
by the birefringent element 201 . Sub-beam 208 travels 
straight through birefringent component 201 , bypassing 
polarization rotators 204 and 205, through birefringent 

20 element 202, and non-reciprocal rotator206. Sub-beam 

208 is unaffected by non-reciprocal rotator 206, and 
travels straight through birefringent element 203. If the 
adjustable rotator is set to provide no change In polari- 
zation, the incident sub-beam 208 is reflected with no 

25 change in the SOP. Output sub-beam 218 then travels 
back through birefringent element 203 and, when it 
passes through non- reciprocal rotator 206, undergoes 
a change in SOP. Accordingly, output sub-beam 218 is 
displaced by birefringent element 202 and impinges po- 

3o larization rotator 204, which causes a change in the 
SOP. Accordingly, output sub-beams 218 travels 
straight through the birefringent element 201 and exits 
on port PO. 

[0044] Incident sub-beam 209 is displaced by blrefrin- 

35 gent element 201 and impinges on polarization rotator 
205, which causes a change in the SOP. Accordingly, 
sub-beam 209 travels straight through birefringent ele- 
ments 202 and 203 and non-reciprocal rotator 206. 
Since we already assumed that the adjustable rotator 

■«> was set to have no effect on the incident sub-beams, 
sub-beam 209 is reflected by optcal element 207 with 
no change in the SOP. Output sub-beam 219 travels 
straight back through birefringent element 203, whereby 
the SOP is changed by the non-reciprocal rotator 206. 

45 Accordingly, output sub-beam 21 9 is displaced by bire- 
fringent element 202 and bypasses polarization rotators 
205 and 204. Output sub-beam 219 is then further dis- 
placed by birefringent element 201 and exits port PO, 
along with sub-beam 218. A first output path is defined 

50 by sub-beams that travel straight through the birefrin- 
gent element 203 and get displaced by the birefringent 
element 202. 

[CC^j Assuiiiidy now ihaitne adjustable rotator is set 
to rotate the incident sub-beams by 90' ', the SOP of both 
55 incident sub-beams 208 and 209 will be changed. This 
change in the SOP causes output sub-beams 228 and 
229 to be displaced in birefringent element 203. Non- 
reciprocal rotator 206 causes another change in the 
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SOP to occur which enables output sub -beams 228 and 
229 to travel straight through birefringent element 202. 
The path traveled by sub-beams 228 and 229 is defined 
as the second output path. Output sub-beam 228 by- 
passes the polarization rotators 204 and 205, and trav- s 
els straight through birefringent element 201 , while out- 
put sub-beam 229 travels through polarization rotator 
204 which changes the polarization and causes sub- 
beam 229 to be displaced In birefringent element 201 . 
As a result both output sub-beams 228 and 229 exit out- io 
put port P90. 

[0046] With reference to Figures 6 and 7, if the non- 
reciprocating rotators, defined by Faraday rotators 25 
and 89 with 14 waveplates 26 and 90, are replaced by 
adjustable switches, i.e. liquid crystal cells, 2 x 2 switch- 's 
es can be constructed. In this case, when the adjustable 
rotator is set to maintain the polarization of the various 
sub-beams constant, a composite beam entering PI will 
exit P2 and vice versa. Similarly, a composite beam en- 
tering P3 will exit P4 and vice versa. However, if the ad- 20 
justable rotator is set to rotate all of the sub-beams by 
90', a composite beam launched into PI will exit P4 and 
vice versa. Moreover a composite beam launched into 
P3 will exit P2 and vice versa. 

[0047] Figure 12 illustrates a preferred embodiment 25 
of this type of Add/Drop switch in the "folded" arranged, 
which includes a mirrorto reflect the mixed beams after 
passing through the adjustable rotator . The Add/Drop 
switch includes birefringent elements 301 , 302 and 303, 
polarization rotators (waveplates) 304, 305 and 306, 30 
non-reciprocal rotator (Faraday and ^ waveplate) 307, 
and adjustable rotator 308. First we will assume that the 
adjustable rotator 308 is set to provide no change in the 
SOP of the sub-beams. 

[0048] Light enters the In port, divides into incident 35 
sub-beams 311 and 312, which pass through birefrin- 
gent element 301 . Subsequently, sub-beam 31 2 travels 
through polarization rotator 306, which changes the 
SOP thereof to be parallel to sub-beam 31 1 . Accordingly 
both sub-beams 311 and 312 travel straight through bi- 
refringent elements 302 and 303, and non-reciprocal ro- 
tator 307 unaffected. Since the adjustable rotator 308 is 
set at zero, the incident sub-beams are reflected without 
a change in the SOP. Therefore, output sub-beams 321 
and 322 pass back through birefringent element 303 45 
along the same path as incident sub-beams 311 and 
31 2. When the sub-beams pass through non-reciprocal 
rotator 307, their SOP changes and accordingly when 
they pass through birefringent element 302 they get dis- 
placed. This output path is defined as the first output so 
path. Subsequently, output sub-beam 321 passes 
through polarization rotator 305, which changes the 
3CF, t>u iriai sub-beams 32 1 ana ai^ii nave orthogonal 
polarizations. Accordingly as output sub-beams 321 
and 322 pass through birefringent element 301 they re- 55 
combine at the Out port. 

[0049] Light enters the ADD port and divides into in- 
cident sub-beams 331 and 332 as it passes through bi- 



refringent element 301. The SOP of sub-beam 331 
changes as it passes through polarization rotator 304 
which enables both sub-beams 331 and 332 to be dis- 
placed similarly as they traverse birefringent elements 
302, 303 and non-reciprocal rotator 307. Since the ad- 
justable rotator is set at zero, the output sub-beams 341 
and 342 are reflected back, retracing the paths of inci- 
dent sub-beams 331 and 332 until impinging non-recip- 
rocal rotator 307. In this direction the non- reciprocal ro- 
tator 307 provides a change in the SOP which enables 
the output sub-beams 341 and 342 to travel straight 
through birefringent element 302. This path is refen-ed 
to as the second output path. Sul)sequently, sub-beam 
342 traverses polarization rotator 305, which changes 
the polarization thereof and enables sub-beams 341 
and 342 to converge at the Drop port after passing 
through birefringent element 301 . 
[0050] If the adjustable rotator 308 is set to rotate the 
incident sub-beams by 90^, incident sub-beams 311 
and 312 will follow the second output paths previously 
defined by output sub-beams 341 and 342, respectively. 
Similarly incident sub-beams 331 and 332 will follow the 
first output paths of output sub-beams 321 and 322, re- 
spectively. 

[0051] Accordingly, when the adjustable rotator 308 
is set at 0' ' a signal entering the Add port exits the Drop 
port and the signal entering the In port exits at the Out 
port. Moreover, when the adjustable rotator 308 is set 
at 90^ a signal entering the Add port exits the Out port, 
and a signal entering the In port exits the Drop port. 



Claims 

1 . A method of mixing two beams of light comprising 
the steps of: 

a) receiving a first composite beam, having a 
first polarization component and an orthogonal 
second polarization component, at a first loca- 
tion; 

b) separating the first and second polarization 
components of the first beam; 

c) rotating the first polarization or the orthogo- 
nal second polarization component of the com- 
posite first beam to provide two first sub-beams 
having a same polarization; 

d) receiving a second composite beam, having 
a first polarization component and an orthogo- 
nal second polarization component, at a sec- 
ond location; 

o) separating the first and second polarization 
components of the second composite beam; 
f) rotating the first or the second polarization 
component of the second composite beam to 
provide two second sub-beams having a same 
polarization direction oriented orthogonally to 
the two first sub-beams; 
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g) mixing one of the two first sub-beams with 
one of the two second sub-beams to provide a 
first mixed sub-beam at a third location; and 

h) mixing the other of the two first sub-beams 
with the other of the two second sub-beams to 
provide a second mixed sub-beam at a fourth 
location. 

2. The method as defined in claim 1 , wherein step b) 
comprises launching the first composite beam into 
a first birefrlngent crystal. 

3. The method as defined in claim 1 , wherein step e) 
comprises launching the second composite beam 
into the first birefrlngent crystal. 

4. A polarization dependent optical signal mixing de- 
vice comprising: 

first input means for receiving a first composite 
beam having a first polarization component and 
an orthogonal second polarization component; 
first splitting means for separating the first and 
second polarization components of the first 
composite beam; 

first polarization rotating means for rotating the 
first or the second polarization component of 
the first composite beam to provide two first 
sub-beams having a same polarization; 
second input means for receiving a second 
composite beam having a first polarization 
component and an orthogonal second polariza- 
tion component; 

second splitting means for separating the first 
and second polarization components of the 
second composite beam; 
second polarization rotating means for rotating 
the first or the second polarization component 
of the second composite beam to provide two 
second sub-beams having a same polarization, 
which is orthogonal to the polarization of the 
first sub-beams; 

first mixing means for mixing one of the first 
sub-beams with one of the second sub-beams 
to provide a first mixed beam at a third location; 
and 

second mixing means for mixing the other of the 
first sub-beams with the other of the second 
sub-beams to provide a second mixed beam at 
a fourth location. 

5. The optical device as defined in claim 4, wherein 
the first end the s€!cond splitting means define at 
least a first birefringent crystal, having a first walk- 
off direction; and wherein the first and the second 
splitting means define at least a second birefringent 
crystal having a second walk-off direction; and 
wherein the first and second polarization rotators 



are disposed between the first and second birefrin- 
gent crystals. 

6. The optk^l device as defined in claim 5, wherein 
5 the first and the second p>olarization rotating means 

are a single element traversed by one of the first 
sub-beams and one of the second sub-beams; and 
wherein the first walk-off direction is opposite to the 
second walk-off direction. 

10 

7. The optcal devk;e according to claim 5, wherein the 
first polarization rotating means is laterally and ver- 
tically offset from the second polarization rotating 
means; and wherein the first walk-off direction is 

'5 substantially perpendicular to the second walk-off 
direction. 

8. An optical circulator devce comprising: 

20 a first port for inputting a first composite beam 

having a first polarization component and an or- 
thogonal second polarization component, and 
for outputting a fourth composite beam having 
a first polarization component and an orthogo- 

25 nal second polarization component, input from 

a fourth port; 

a thi rd port for inputting a third composite beam 
having a first polarization component and an or- 
thogonal second polarization component, and 
30 for outputting a second composite beam having 

a first polarization component and an orthogo- 
nal second polarization component, input from 
a second port; 

first mixing means for mixing one of the com- 

35 ponents of the first composite beam with one of 

the components of the third composite beam 
forming a first mixed beam, for mixing the other 
of the components of the first composite beam 
with the other of the components of the third 

40 composite beam forming a third mixed beam, 

and for recombining the components of the sec- 
ond and fourth composite beams from second 
and fourth mixed beams for output at the third 
and first ports, respectively; 

45 non-reciprocal rotating means for making the 

components of the second and fourth mixed 
beams entering therein orthogonal to those 
passing therethrough, while unaffecting the po- 
larity of the components of the first and third 

50 mixed beams; and 

second mixing means for mixing one of the 
components of the second composite beam 
with one of the components of the fourth com- 
posite beam forming the second mixed beam, 

55 for mixing the other of the components of the 

second composite beam with the other of the 
components of the fourth composite beam 
forming the fourth mixed beam, and for recom- 
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bining the components of the first and third 
composite beams from the first and third mixed 
beams for output at the second and fourth 
ports, respectively. 

5 

9. The optical circulator device according to claim 8, 
wherein the first mixing means comprises: 

first splitting/combining means for separating 
the first and second polarization components of 'o 
the first composite beam , and for combining the 
first and second polarization components of the 
fourth composite beam at the first port; 
first polarization rotating means for rotating one 
of tfie components of the first composite beam '5 
providing two first sub-beams having a same 
polarization, and for rotating one of the compo- 
nents of the fourth composite beam providing 
two fourth sub-beams having orthogonal polar- 
izations; 20 
second splitting/combing means for separating 
the first and second polarization components of 
the third comfxjsite beam, and for combining 
the first and second polarization components of 
the second composite beam at the third port; 25 
second polarization rotating means for rotating 
one of the components of the third composite 
beam providing two third sub-beams having a 
same polarization, and for rotating one of the 
components of the second composite beam 3o 
providing two second sub-t)eams having or- 
thogonal polarizations; 

first mixing/separating means for mixing one of 
the first sub-beams with one of the third sub- 
beams to form the first mixed beam, and for 35 
separating the second mixed beam into one of 
the second sub-beams and one of the fourth 
sub-beams; and 

second mixing/separating means for mixing the 
other of the first sub-beams with the other of 40 
the third sub-beams to fonn the third mixed 
beam, and for separating the fourth mixed 
beam into the other of the fourth sub-beams 
and the other of the second sub-beams; and 
wherein the second mixing means comprises: 

third mixing/separating means for separat- 
ing the first mixed beam into one of the first 
sub-beams and one of the third sub- 
beams, and for mixing one of the second so 
sub-beams with one of the fourth sub- 
beams forming the second mixed beam; 
rounn mixing/soparating means for sepa- 
rating the third mixed beam into the other 
of the first sub-beams and the other of the 55 
third sub-beams, and for mixing the other 
of the second sub-beams with the other of 
the fourth sub-beams forming the fourth 



mixed beam; 

third polarization rotating means for rotat- 
ing one of the first sub-beams to ensure 
that the first sub-beanns are orthogonal to 
each other, and for rotating one of the sec- 
ond sub-beams to ensure that the second 
sub-beams have the same polarization; 
fourth polarization rotating means for rotat- 
ing one of the third sub-beams to ensure 
that the third sub-beams are orthogonal to 
each other, and for rotating one of the 
fourth sub-beanns to ensure that the fourth 
sub-beams have the same polarization; 
third splitting/combining means for com- 
bining the first sub-beams at the second 
port, and for separating the first and sec- 
ond polarization components of the second 
composite beam; and 
fourth splitting/combing means forcombin- 
ing the third sub-t)eams at the fourth port, 
and for separating the first and second po- 
larization components of the fourth com- 
posite beam. 

10. The optical circulator according to claim 9, wherein 
the first and second splitting/combining means de- 
fine a first biref ringent crystal; wherein the third and 
fourth splitting/combining means define a second 
birefringent crystal; wherein the first and second 
mixing/separating means define a third birefringent 
crystal; and wherein the third and fourth mixing/sep- 
arating means define a fourth birefringent crystal. 

1 1 . The optical circulator according to claim 1 0, further 
comprising an optical lens for redirecting the mixed 
beams, whereby the first mixed beam crosses paths 
with the third mixed beam and the second mixed 
beam crosses paths with the fourth mixed beam; 
and wherein the third and fourth birefringent crys- 
tals have walk-off directions opposite to those of the 
first and second birefringent crystals. 

12. An optical switch comprising: 

a first input port for receiving a first composite 
beam having a first polarization component and 
an orthogonal second polarization component; 
second input port for receiving a second com- 
posite beam having a first polarization compo- 
nent and an orthogonal second polarization 
component; 

mixing means for mixing one ol the compo- 
nents of the first composite beam with one of 
the components ol the second composite beam 
forming a first mixed beam, and for mixing the 
other of the components of the first composite 
beam with the other of the components of the 
second composite beam forming a second 
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mixed beam; 

adjustable rotating means either for rotating all 
of the components by a first angle or for rotating 
all of the components by a second angle, which 
is 90° from said first angle; and s 
recombining means for recombining the first 
and second components of the first composite 
beam at a first output port and the first and sec- 
ond components of the second composite 
beam at a second output port when the adjust- 'o 
able rotating means rotates the components by 
the first angle, or for recombining the first and 
second components of the first composite 
beam at the second port and the first and sec- 
ond components of the second composite 
beam at the first port when the adjustable ro- 
tating means rotates the components by the 
second angle. 

13. The device according to claim 12, wherein the mix- ^ 
ing means comprises: 

first splitting means for splitting the first com- 
posite beam into first and second orthogonally 
polarized sub-beams; 25 
first polarization rotating means for rotating one 
of the first or second polarized sub-beams to 
ensure both of the first and second sub-beams 
have the same polarization; 
second splitting means for splitting the second 30 
composite beam into third and fourth orthogo- 
nally polarized sub-beams; 
second polarization rotating means for rotating 
one of the third or fourth polarized sub-beams 
to ensure both of the third and fourth sub- 35 
beams have the same polarization, which is or- 
thogonal to the polarization of the first and sec- 
ond sub-beams; 

first combining means for combining the first 
and third sub-beanns forming the first mixed 
beam; and 

second combining means for combining the 
second and 

fourth sub-beams forming the second mixed 
beam; and ■'^ 
wherein the recombining means comprises: 

third splitting means for splitting the first 
mixed beam into the first and third orthog- 
onally polarized sub-beams; 50 
third polarization rotating means for rotat- 
ing one of the first and third sub-beams to 
ensure that both of the first and third sub- 
beams have the same polarization; 
fourth splitting means for splitting the sec- 55 
ond mixed beam into the second and fourth 
orthogonally polarized sub-beams; 
fourth polarization rotating means for rotat- 



ing one of the second and fourth sub- 
beams to ensure both of the second and 
fourth sub-beams have the same polariza- 
tion, which is orthogonal to the polarization 
of the second and fourth sub-beams; 
third combining means for combining the 
first and second sub-beams at one of the 
first or the second output ports; and 
fourth combining means for combining the 
third and fourth sub-beams at the other of 
the first or the second output ports. 

14. The device according to claim 1 3, wherein the first 
and second splitting means define a first birefrin- 
gent crystal; wherein the third and fourth splitting 
means define a second birefringent crystal; wherein 
the first and second combining means define a third 
birefringent crystal; and wherein the third and fourth 
combining means define a fourth birefringent crys- 
tal. 

15. The device according to claim 13, further compris- 
ing reflecting means for reflecting the first and sec- 
ond mixed beams after passing through the adjust- 
able rotating means; wherein the first splitting 
means, the second splitting means, the third com- 
bining means, and the fourth combining means de- 
fine a first birefringent crystal; and wherein the third 
splitting means, the fourth splitting means, the first 
combining means, and the second combining 
means define a second birefringent crystal. 

16. The device according to claim 15, wherein the first 
angle is 0°; and wherein the device further compris- 
es: 

non-reciprocal rotating means, between the 
first and second birefringent crystals, for rotat- 
ing all of the sub-beams only after being reflect- 
edbackthroughthe seco nd b iref rin gent crystal ; 
and 

a third birefringent crystal between the non-re- 
ciprocal rotating means and the first birefrin- 
gent crystal for directing the sub-beams to the 
output ports. 

17. The device according to claim 12, wherein the op- 
tical switch is reciprocal, enabling light launched in- 
to the first or second output ports to exit either of 
the first or the second input ports. 
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